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SUMMARY 



The present reports deal with different vibration 
stresses of the propeller and their removal hy an elastic 
coupling of propeller and engine. A method is descrihed 
for protecting the propeller from unstahle oscille.t ions ■ 
and herevjith . f rpm the thus-excited alternating gyroscopic 
moments. The respective vihration eq.uations are set down 
and the amount of elasticity required is deduced. 



IHTRODUCTIOH 



One effective means of safeguarding the propeller 
against alternating "bending moments is the elastic union 
of engine and propeller. However, such a design, satis- 
factors'- under any and all conditions, does not exist at 
the present time, because of the constructional difficul- 
ties involved. Propeller blades hinged from all sides in 
the manner of helicopter rotor "blades would be an ideal 
solution (reference 1). But because of the high loading 
imposed on the hinges this method is not. at once prac- 
ticable on normal blades. 

To reduce, in pr.rt ictilar , the coupling betv/een pro- 
peller bending stresses and crankshaft torsional vibrations 
the flexible torque drive has been developed as a partly 
elastic combination. And, since the torsional' vibrations 



"Die Beanspruchung der Luf t schraubenf lugel bei periodischer 
Verlagerung der Schraubenwelle * " Luf tf ahrtf orschung, 
vol. 18, no. 11, ilov. 20, 1941,- pp. 383^386. 
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of the crankshafts themselves have been successfully over~ 
come Toy dampers and centrifugal pendulums the danger of 
overstressing a propeller by blade vibrations which should 
hold a crankshaft torque in balance, may be regarded as 
non-existing in many cases. 

Lately, however, there have been cases of propeller 
failure which were obviously caused by pitching motions 
of the whole engine. The motion of the propeller, as a 
whole, can be divided in a displacement within the plane 
of the propeller disk and in an unstable vibration about 
the center of gravity of the propeller, while the former 
produces mass forces and moments within the plane of the 
swept disk, the latter creates alternating gyroscopic 
moments at right angles to the former so that both combined 
may Induce natural bending vibrations in the blades. 
These phenomena have been studied extensively in the U. S. 
(reference 6). The excitation of these vibrations is due 
to gas and mass forces on the engine side or to air loads, 
as, for instance, when the blades miss in striking past 
flow obstacles, on the propeller side. These two moments 
are analyzed in the present paper. 



II. STRESS DUB TO VIBRATION OF THE PROPELLER 
SHAFT ABOUT AN AXIS AT RIGHT ANGLES TO IT 

In the following: 

w t angle of rotation of the propeller blade about the 
axis of rotation 

angle of rotation of the propeller shaft about an 
axis at right angles to it 

m blade mass 

s distance of the center of gravity from the blade 
root 

>R pR 
J s I rs dm - ri / r dm with as reference radius 

for the blade root 
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Por the calculation, it is recommended to consider 
a mass element of the propeller "blade ( f ig,_ _1) , the speed 
V of vjhich is computed from the rotation speeds ." U) and 
(p. Differentiation vrith respect to time then affords the 
'acceleration and hence the force of inertia of the mass 
element, v/hich, after integration along the v/hole hlade 
gives the "bending moment on the blade root* 

The acceleration at right angles to the plane of the 
propeller disk is divided in two parts. 

dv dvi dVg 
dt ~ dt dt 



where 

vi = r sin u) t cp ; - r cos lu t u) 

whence 

d V, 



dt 
d V 



= r (uu$ coso) t + $ sinu) t) 



= r cos (ju t o) m ; because ^ - „^ 

^ dt ^ dt 



Herewith the bending raoment follov;s at 



M,cp = J ^cp sin ou t + 2 cu^'cos oi t). 

cp nay be v^ritten qp = $ s in t , vrherewith the pre- 
ceding expression takes the form 



Mcp = - Jy® $|^sin7 t sino) t - S^cosY t cosuj tj 



J' 2 

= 2 y * 



1+2 



cos (7 + uj) t 



- " ^ (7—0)) tj 
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For Y = cu we get 



M q) = J $^1 3 cos 2 uj t + IJ 



On this tending moment, at right angles to the plane 
of the propeller disk, is superposed a moment due to the 
mass forces which is released "by the center of gravity 
notion of the propeller. The amplitude of this vihi-ation 
is given by A = - p $ v/here p is the distance up to 
the rotation polar; hence we can put x = A sin Yt, Then 
the iDending moment in the plane of the propeller disk he- 
comes 



= - BJ s A sin Y t cos ou t 



= ~|-sY®A|^sin (y+cju) t+ sin (y tj 
If Y = then 

- - |- s Y^ A sin 2 O) t 

III. STBESS DUE TO TIBRATIONS OP PH0P3LLER SHAFT 
ABOUT TV;0 AXES AT HIGHT ANGLES TO IT- 



If, in addition, the propelle^r shaft vihrates ahout 
the second axis perpsndicular to *it vrith the deflection 



\|f = ^ cos Y t, B = p "3^, 7 = B cos Y t 



so tha,t the propeller center descrilses an ellipse rather 
than a straight line, the bending moment at right angles 
to the iDlane of the propeller disk becomes 



Mcp,\|( = j|Vsin tut+3(U(J) cos o) t+2uu\Ir sinco t ^ ^ cosu) tj 
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Mcp,\|/= J - C $ sin y I sin o) t - $ cos V t cos U) t] 
+ 2 cu Y [$ cos y t cos UJ t - $ sin Y * sin (U tjj 

Mqj.ij/ = J g ^ [Y^ + 2 uj Y] COS (Y + U) ) t 

. [V® - 2 UJ Y] cos (Y -U) ) tj. 

and the respective mass moment 

J'^xty = -m s Y2 |a sin Y t cos uu t - 3 cos Y t sin w 
M^e.y =-nis YS {—-^ sin(Y+uj) t + ^^ sin (Y - w) t| 



In the specific case of circular vilDration, that is, 
$ = ^, A = - B (precession in reverse rotr.tion) lye :;^et 



Mcpf = J Y^ $ 



1 + 3 ~ Jcos (Y + O)) tj 

M„ v = - m s Y'^ A sin (Y + I" ) t 
->■» » 

"by precession at constant speed, that is, $ = - $ and 
A ="+ 3, 



Mcp.\tf = - J Y^ $ 



cos 



(Y - a) t 



Mx,y = - m s Y^ A sin (Y - U) ) t 



6 



UACA Technical Mepiorandum Ho, 1016 



Accordingly the maximum values of the alternating tend- 
ing moments are exactly tv;ice as high by the circular 
vibration as by one degree of freedom, 

I7ow, so long as the propeller is carried from the 
shaft no all-around elastic attachment of the propeller 
is possible, as it v/ould sag under its own weight, There- 
fore the displacement prescribed by the propeller shaft 
is alvrays shared by the propeller itself. But one method 
of mounting should be conceivable b;'- which the propeller 
would at least not be forced to join the unstable oscil- 
lation in its full extent. As is apparent from the fore- 
going, the two alternating moments in both instances differ 
in phase by 90°, so the moment vector in the blade root 
makes one revolution of 360° during one vibration period. 
Since the fatigue strength, at least of isotropic materials, 
depends solely upon the magnitude of the alternating moments 
but not on whether thoy act along ono or all directions of 
the cross section, the elimination of the gyroscopic momonts 
vjould be of service only, if thoy woro substantially greater 
than the mass momonts. For comparison tho blade moment of 
inertia is, because of its practically linear mass dis- 
tribution, oxprosscd with J = m 1^/6, v^horc X = length 

of blado, and s = l/S, whence in the most unfavorable case 
Mcp.^^, = J $ (l + 2 |)= - f X^y^ A(i + 2 ^) 

M^^y =-msY^A=-|lY^A 



cp»^ _ I ^ ^ Yy 



x,y 



2 p 



This ratio becomes greater than 1 for larger values 
of Y, if radial engines with large propellers are involved, 
as then 1 is great relative to p. In the rather freq.uent 
case that the vibration is excited by an unbalance of the 
propeller, or Y = &> , this ratio can become verygreatj 

^ 1.5 1 
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Still other reasons speak meanwhile for a removal 
of the gyroscopic moments. Added up over all "blades they 
comlDine, in their effect on the propeller shaft and try 
to strain it, against v/hich the mass moments mutually 
cancel and only press the propeller shaft more or less ' 
severly against its hearings. Lastly this type of stress 
appears to be detrimental for wooden "blades respecting 
their attachment in the steel sleeve, which, hov/ever, 
v/ould first have to he proved hy experiments. 

It is to be noted that the previously computed bend- 
ing moments by given propeller displacement $ and A, 
B, represent minimum values, hence may actually become a 
multiple of it by increasing resonance. 

It is, therefore, apparent that a supplementary shock 
absorber that protects the propeller from alternating gyro- 
scopic moments has its advantages, so far as this may be 
accomplished, with a minimum increase in weight. 



lY. ANALYSIS OP A STJPPLEMEiTTAEr SHOCK- ABSOHPT lOH 
SYSTEM BETVfESiJ ENGIIIE AlID PEOPELLEE 



An analysis, stich as this, must proceed from the prin- 
ciple that no nev/ critical speeds are created in the oper- 
ating speed range and that the gyroscopic moment induced 
in curve flight does not tilt the propeller in excess of 
10° relative to the air-plane. 

An attempt is made to analyze both requirements, 

Figure 2 is a diagrammatic viev/ of a vibration system 
formed by elastic suspension, 

^1 » ^2 moments of inertia of engine plus propeller mass 

about the normal and the lateral axis, respectively, 

ci elasticity of engine about the normal axis 

Cg elasticity of engine about the lateral axis 

C elasticity of hub (about all axes) 



Jp, J the respective polar and equatorial moment of inertia 
of the propeller 
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UJ 

y 

cp,a 



angular velocity of propeller 

angular velocity of airplane in "banking 

angular deflection of engine and propeller about 
the lateral axis , 

angular deflection of engine and propeller about 
the normal axis 

angular deflection of engine and propeller about 
- the lateral axis 



Then the motion equations of the vibration system 
shown in figure 1 read: 



II 08 \If + Cg vl' + C (\|/ - p) = 0 

III J a + C (a - cp) - Jp u) p = 0 

IT J p + C - \|/) + Jp 03 a = Oj 

which, v/ith 

cp = $ sin V t a = A sin "Y t 

\J/ = $ cos 7 t p = B cos Y t 



> 



(1) 



gives 



I (ci + C - Si V^) § = C A 



II (cg + C - Gs V®) $ 



III 
IT 



(C - J 7^) A + J 



p O) 



C B 



V B 



C (|) 



> 



(C - J Y'^) E+Jv,yjVA=C$ 



(2) 



Mult iplji-ing eq.uationsI and II in (2) by C and entering 
III and IT give 



|ci + C - Gi Y^ 1 1^(0 - J Y^) . A + Jp 0) Y B j = a"^ 
1*03 + C - 6a Y^J |^(G - J Y^) B + Jp UJ Y aJ = C' 



(3) 
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The four natural frequencies then follov^ from the equation 
of the" eighth order for V , left- after the elimination of 
A and B from (3). Por simplicity we put Cj = Cg = c and 
®i = ©2 = 0 which is approximately correct for radial 
engines, whence (3) gives. 



hecause A = + B. Herefrom the four natural frequencies 
are computed from the position of which quantity C is 
defined. They should he located so high that the corre- 
sponding critical revolut ioas per minute come far "beloiir 
the range of service revolutions per minute. Hov/ever, 
equation (4) need not "be resolved rigorously, because 
C should at least he flexible enough so that the propeller 
scarcely joins in the pitching motions of tho engine, 
that is, the coupling between I, II, III and IV in (1) 
is very loose. The coupling factor is 

as on a two-mass system which in this instance must be 
of the order of magnitude of < 0.3. But in that event 
the incorrect coupling frequencies are not much different 
from the natural frequencies derived from the uncoupled 
equations. They are obtained from (1) by putting a and 
3 in I and II and cp and \|/ in III and IV = 0,- Then 
equation (4) can be written for the simplified case that 
the uncoupled pitching motions of the engine about the 
normal and lateral axis are equivalent, as follows: 

^YS - ^-^] (v^ ± 2 tu Y - §} = 0 (5) 

Herewith the natural vibrations become 



/c + 0 
.6 • 



^3,4 = 
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with r.= V/tti. If kj, is the .mode of excitation on the 
pr'opeiler side and kj^ on the engine side , ^ we get v = k-Q 
in the first instance, and t = ky i in the secondj with 
i as reduction gear ratio. .Hence, the greater v is, 
the less V3 and 74 differ, from each other. 

This "brings us to quantity C.- 

let w^^^ indicate the maximum angular velocity of 
the airplane in hanking and Mk the gyroscopic moment. 
In order that the propeller bvon at ^mayi does not in- 
cline more than 10° from its rao^mal position, it must 



^ 0.175 



whorchy 

% max = Jp UJmax ^max 
whorowith the two natural freq^uencios of the propeller are: 

•^3,4 = 3*4^^ max ^^max 

The thus-defined natural frequencies are therefore de- 
pondont upo^a the size of the propeller itself only to the 
extent that the value lOjjjax defined hy it. To illustrate 

take a 1500 horsopowercd engine with i = 1.6 and t^max = 
150sr*.i, for vihich in figure 2 the two natural frequencies 
ns and n4 min~^ are "plotted against v for a value' 
of U)inax ~ 2 s~l. The natural frequencies nj^ of the 

elastically suspended engine themselves will he situated 
in the ncighhorhood of n^^. = 1000 min~* , so that all 
critical speeds arc well "bolo^i? the spcod range of operation. 

The lowest mode of excitation would lie kj^ = 3 on the 

propeller side and kjj = 1.5 on the engine side, since 
V must he greater than 2 if the higher of the tv/o natural 
frequencies of tho propeller is to he r.-ole to he excited 
at all. According to figure 3 the higher natural fre- 
quency for V = 1,5 X 1,6 = 3.4 is amply high. If tho 
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conditions are such that this mode of excitation must be 
reckoned with, q^uantity C ' should be lowered. But, as 
before, the propeller would already iriclihc more than 
10° in banking at IS^g^j^ <2"'^, • s.tojfs to Dpcvcnt this^ 
would be necessary. for excitations of >. 3 on the pro- 
pclicr side <?.nd > 2 on the engine side all critical speeds 
would remain well below the operating speed range ov^n 
by more severe springing 0. 

In conclusion a brief check of quantity C is made 
in view of the coupling factor formed by it. 

According to oq.uation (6) we got a value- of 



0 = 685,000 cm kg 

with Jp = 400 kg cm^, oumax = 150' s""i and %ax - ^ 
If nji is to bo njj = 1000 min"''" , that is, 

"M = y t ■= 

it follows \-iith e = 1300 cm kgs2 and c = 1300 x 11000 = 
14,300,000 cm kg that 



K = y-c-T-^ = 0-214 . .... 

Herewith the uncoupling of engine and propeller pitching 
vibration is insured and the correctness of the approx- 
imati-on of the natural vibrations proved. 



Translation by J. Vanicr, 
national Advisory Committee 
for Aeronautics 
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Pigs. 1, Z, 3' 



Pole of rotation 




x=Asin7t=-pcp 



Figaxe 1-.- Derivation of inertia forces produced on the 
blade due to propeller shaft displacement. 




ffigure 2.- Diagrammatic Tiaw of 

vibration system of 
engine with elastically mounted 
propeller. 
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Figure 3.- Resonant frequencies lifi of 

the elastically mounted 
propeller for the various modes of ex- 
citation v=]s^ and i'Jjjj. 



